The aim of the current study was to evaluate immediate and long-term bonding effectiveness of chitosan-treated dentin, bonded using 2-step etch-and-rinse dental adhesive, after 2 years of ageing.
INTRODUCTION
There is a global consensus that resin-dentin bonds created with current hydrophilic dental adhesives deteriorate by time. 1, 2 Numerous studies have confirmed this finding by demonstrating rapid decrease in dentin bond strength with time, using both etch-and-rinse and self-etch dental adhesives. [2] [3] [4] This problem is related mainly to resin-dentin bonds, since enamel bonds are proved to be highly stable. 5 Improper resin infiltration of the demineralized exposed dentinal collagen, increased permeability of resin-dentin interface and activation of matrix metalloproteinases (MMPs) and cysteine cathepsins are some of the factors that are responsible for collagen and resin degradation and consequently adversely affecting the durability of the bonded interface. [1] [2] [3] [4] Degradation of the dentinal collagen by MMPs and cysteine cathepsins plays a major role in the degradation of the bonded interface. Many MMPs and cysteine cathepsins were detected in dentin and were assumed to be responsible for the destruction of any exposed collagen within the bonded interface. Recently, the mechanisms of proteolytic degradation of resin-dentin interface has greatly attracted the attention. Since then, many scientists and clinicians have introduced several methods or treatment modalities to improve the durability of dentin bonded interfaces. 8 These endogenous dentin proteolytic enzymes are bound to collagen fibrils and trapped by hydroxyapatite crystals. 9 Acid-etching causes dentin demineralization, exposing these enzymes which become activated and ready to digest exposed collagen. Moreover, subsequent application of acidic monomers, present in etch-and-rinse or self-etch adhesives, further activate these proteolytic enzymes. [10] [11] [12] [13] [14] Several strategies were introduced to overcome this problem, either to inhibit MMPs and cysteine cathepsins or inactivate them, to improve the stability of dentin-bonded interfaces. Inhibition of these dentinal enzymes was done us-ing MDPB, EDTA, Chlorhexidine or Chlorhexidine methacrylate. [15] [16] [17] [18] On the other hand, inactivation of MMPs was performed by increasing the collagen resistance to hydrolytic degradation by reinforcing and stabilizing the collagen fibrils through inter-and intramolecular cross-linking. [19] [20] [21] Cross-linking of collagen was done by using different cross-linking agents as formaldehyde, grape seed extract, glutaraldehyde, carbodiimide, transglutaminase, proanthocyanidin, genepin, and riboflavin. [22] [23] [24] [25] [26] [27] Chitosan is a natural biocompatible polymer. It is capable of forming a fibrillar network, with superior mechanical properties, at micro and/or nano-scale. Chitosan was used as a reinforcement phase of collagen scaffolds in the tissue engineering field. 28 Several studies, that used chitosan together with other crosslinking agents, demonstrated an increase in the mechanical properties and in the degradation resistance of dentin. [28] [29] [30] In addition, chitosan has a wide range of antibacterial activity and was claimed to increase dentinal surface wettability which may provide a great advantage if used to treat the demineralized dentin prior to adhesive application. 31, 32 Due to its outstanding properties, modification of demineralized dentin using chitosan could be of great importance in dentin bonding. Although previous studies [22] [23] [24] [25] [26] [27] [28] [29] [30] have proved the importance of collagen network strengthening in providing a more stable and durable bonded interface, the effect of chitosan on dentinal collagen has not been fully investigated yet.
Therefore, the objective of the present study was to evaluate immediate and long-term bonding effectiveness of chitosan-treated dentin, bonded using 2-step etch-and-rinse adhesive, after 2 years of ageing. The null hypotheses tested were that (i) Chitosan treatment does not affect the immediate dentin bond strength and nanoleakage, (ii) Chitosan treatment does not affect the degradation of the resin-dentin interface over time.
MATERIALS AND METHODS

Specimen preparation for microtensile bond strength test and nanoleakage examination
Twenty four sound extracted human molars were selected and used in this study. The teeth were collected from young patients (18-22 y) with signed consent according to a protocol approved by the Research Ethics Committee of Umm AlQura University, Mekkah, Saudi Arabia. The teeth were stored, not more than one month, in 0.5% chloramine T solution at 4˚C.
Each tooth was cut occlusally at 90˚ to its long axis, removing the enamel and the superficial dentin, using a low speed diamond saw (Allied High Tech Products Inc.) with water coolant. Dentin surfaces were polished using a wet 320 grit silicon carbide (SiC) paper to standardize the created smear layer. The prepared specimens were randomly divided into 2 groups (N = 12 teeth in each group). In Group I: acid-etched dentin surfaces were bonded directly with Adper Single Bond 2 (3 M ESPE, St. Paul, MN, USA), i.e. control group (received no pretreatment before adhesive application). In Group II: Chitosan solution was applied on etched-dentinal surfaces, then Adper Single Bond 2 adhesive was applied.
Acid-etching of dentinal surfaces was performed for 15 sec using 35% phosphoric acid gel (3 M ESPE, St. Paul, MN, USA), followed by 10 sec rinsing and gentle drying (leaving a moist surface without pooling of water). Two coats of Adper Single Bond 2 adhesive was then applied to etched dentin for 15 sec with mild scrubbing action. Gentle airdrying for 5 sec is done, then light curing for 10 sec took place (LED curing unit, 3M ESPE, Germany, 1200mW/cm 2 , 430-480 nm). In the second group, the chitosan solution (0.1 mol/L acetic acid) was generously applied on the etched-dentinal surface, kept for 60 sec and then gently dried, followed by adhesive application as previously mentioned.
Resin composite (Filtek Z350 XT, 3M ESPE) build-up is performed using the incremental packing technique. The prepared specimens were stored in 37˚C water for 24 h, then each tooth was cut into 16 sticks (0.9 x 0.9 mm) using the non-trimming technique. 33 The sticks obtained from each tooth were placed in separate containers. Each group (12 teeth) was divided into three storage subgroups (n=4 teeth): 24 h (T 0 ) or 12 mos (T 12 ) or 24 mos (T 24 ) storage in distilled water at 37˚C. Every tooth provided 15 sticks for microtensile bond strength test and one stick for nanoleakage examination.
Microtensile bond strength evaluation
After storage according to each subgroup, a digital caliper was used to measure the dimensions of each stick. A microtensile testing machine (Bisco Inc.), at a crosshead speed of 1 mm/min, was used to stress each stick under tension. The tensile force at failure was recorded and then was divided by the cross-sectional area of each stick to calculate the microtensile bond strength (MPa). The mean of the bond strength values of the 15 sticks was calculated to give a value for each tooth. Then, a grand mean was obtained from the values of the 4 teeth of each storage group (the statistical unit is the tooth and not the stick).
Nanoleakage evaluation
Two layers of nail varnish was used to coat the stored bonded dentin sticks, leaving 1 mm from the interface without coating. The sticks were then immediately stored for 24 h in a 50 wt% ammoniacal silver nitrate (AgNO 3 ) solution with a pH = 9.5. The sticks were removed, water-rinsed and then immersed for 8 h in a photodeveloper under fluorescent light. SiC papers of increasing fineness (600-1200 grit) were used to polish the specimens. Then the specimens were cleaned in an ultrasonic cleaning system for 30 min. Resin-dentin interfaces were examined by an environmental scanning electron microscope (Quanta 200 ESEM, France), using backscattered mode at 1000X. The amount of silver nitrate precipitated within the interface was quantitated using an image analysis software (NIH Image, USA). 34
Specimen preparation for stiffness evaluation and hydroxyproline release tests
Sound extracted third molars, collected and stored as previously mentioned, were used. A dentin disc, with 0.5 mm thickness, was obtained from each tooth using a Techcut 4 diamond saw (Allied High Tech Products Inc.). A total of 60 dentin sticks (3x6 mm) were cut from these discs. Complete demineralization of the sticks was done by vibrating the sticks in sealed containers, having 10% phosphoric acid, at 4˚C for 18 h. Measuring the elastic modulus of each stick was done to confirm complete demineralization which was set at 5 MPa. 35 
Stiffness Evaluation (3-point flexure test)
The initial stiffness of 30 demineralized dentin sticks was measured using three-point bending test. A 1000 g load cell testing machine (Vitrodyne 1000, VA, USA) was used at a crosshead speed of 1 mm/min. Stress-strain curves were obtained from load-displacement curves. Elastic Modulus (E) was calculated using the following formula: Then, the demineralized sticks (10/group) were immersed in chitosan solution (0.1 mol/L acetic acid) for 1 min or 10 min. The sticks were then rinsed with water, re-tested and the stiffness was calculated. Each stick served as its own control.
Hydroxyproline Release Test (Collagen solubilization by endogenous dentin proteases):
Incubation of demineralized dentin sticks in a buffer solution at 37˚C, results in loss of dry mass and decrease in stiffness. 36 The loss of dry mass was due to the hydrolytic activity of endogenous proteases, present in dentin, causing solubility of hydroxyproline-containing collagen peptides. 7, 37 When cross-linking solutions, such as carbodiimide or glutaraldehyde, were used to treat these demineralized matrices, the loss of dry mass was significantly reduced. [38] [39] [40] A total of 30 dentin sticks (3× 0.5× 6 mm) were prepared and completely demineralized as explained before. After demineralization and rinsing, the sticks (10/group) were immersed in water for 10 min or in chitosan solution (0.1 mol/L acetic acid) for 1 min or 10 min, rinsed and then stored in 0.5 ml of HEPES buffer solution (0.05 M, pH 7.4) in vibrating sealed containers at 15 cycles/min for 1 week at 37 ˚C. The HEPES solution contained 2.5 mM CaCl 2 ·2H 2 O and 0.02 mM ZnCl 2 . After storage, 6 N HCl was created by mixing 100 µL of incubation media with an equal volume of 12 N HCl. At 118˚C for 16 h, the 6 N HCl was used to hydrolyze the soluble collagen fragments into amino acids in sealed glass ampoules. The vials were then opened to vaporize the HCl in a vacuum desiccator whose bottom was covered by NaOH pellets to neutralize the HCl. Finally, the dry residue was examined for hydroxyproline using a colorimetric method. 41
Statistical Analysis:
Collected data were evaluated for normality by using Kolmogorov-Smirnov and Shapiro-Wilk normality tests. All data showed normal (parametric) distribution except for hydroxyproline release results which showed non-normal (non-parametric) distribution. Parametric data are shown as mean and standard deviation (SD) values while nonparametric data are presented as median and range values. For parametric data; two-way ANOVA test was used to evaluate the effect of treatment, storage time and their interaction on mean microtensile bond strength and nanoleakage. One-way ANOVA was used to compare stiffness of the 3 groups. Bonferroni's post-hoc test was performed for pairwise comparison when ANOVA test was significant. For non-parametric data; Kruskal-Wallis test was performed to compare between hydroxyproline release in the 3 groups. Dunn's test was used for pair-wise comparisons when Kruskal-Wallis test is significant. The significance level was set at P ≤ 0.05. Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.
RESULTS
Microtensile bond strength
The microtensile bond strength values of the control and the chitosan groups at the 3 storage periods (24 h, 12 mos and 24 mos) are presented in table 1.
After 24 hours of water storage, there was no significant difference between microtensile bond strength values obtained by the chitosan and the control groups (P-value = 0.163). At both 12 and 24 mos of water storage; microtensile bond strength values of the control group were significantly lower than the chitosan group (P-value <0.001). For both treatment groups (control and chitosan groups), the 24 h groups showed significantly higher microtensile bond strength values than the 12 mos groups (P-value <0.001) and similarly the 12 mos groups showed significantly higher microtensile bond strength values than the 24 mos groups. Table 2 summarizes the changes in the silver nitrate nanoleakage % within the bonded interfaces of the 2 treatment groups (control and chitosan) at different storage periods (24 h, 12 mos and 24 mos).
Nanoleakage
At 24 h storage period, there was no significant difference in nanoleakage values between the 2 treatment groups (P-value = 0.279), however at 12 mos and 24 mos periods, the chitosan group exhibited significant lower nanoleakage values than the control group (P-value <0.001). 
*: Significant at P ≤ 0.05, upper case letters are used for comparison between groups within the same vertical column, while lower case letters are used for comparison between the groups within each horizontal row (n=4, four teeth contributed 15 sticks per tooth or 60 sticks per treatment/time group. The statistical units were teeth, not sticks).
In the control group, nanoleakage increased significantly after 12 mos when compared to the 24 h values (P-value <0.001), however there was no significant difference between nanoleakage values after 12 mos and 24 mos. Regarding the chitosan group, there was a significant increase in nanoleakage between the three testing periods (P-value <0.001). Figure 1 presents the stiffness values (MPa) of completely demineralized dentin sticks of control, chitosan 1 minute and chitosan 10 minutes groups. The stiffness values of the completely demineralized dentin, treated with Chitosan for 10 minutes, were significantly the highest (P-value <0.001). Chitosan treatment for 1 min showed significantly lower stiffness values than 10 min chitosan application group, while the demineralized beams which were kept in water and were not treated with chitosan (control) showed significantly the lowest stiffness values (P-value <0.001). Figure 2 shows the median (range) values for hydroxyproline release; 9.8 (6.9-16.7), 1.1 (0.4-5.8) and 0.8 (0.2-4.9) µg/mg dentin for control, chitosan 1 minute and chitosan 10 minutes groups, respectively. Hydroxyproline release in the control group was significantly higher than both chitosantreated groups (P-value <0.001), however, there was no significance difference between the amount of hydroxyproline released after chitosan treatment for 1 and 10 min. 
Stiffness of completely demineralized dentin:
Hydroxyproline Release Test:
*: Significant at P ≤ 0.05, upper case letters are used for comparison between groups within the same vertical column, while lower case letters are used for comparison between the groups within each horizontal row (n=4).
DISCUSSION
During the last two decades, dentin adhesives have been well developed and have provided high initial bond strengths. Stability of dentin bonding is crucial for improving the lifetime of adhesive restorations. [1] [2] [3] [4] The results of the current study demonstrated that microtensile bond strength and nanoleakage deteriorated significantly over a 2 year storage period. This was in accordance with many previous studies. 1, 3, 6, 16, 30, 36, 42 Hybrid layer degradation has compromised the bonding stability of resin-dentin interfaces. 2, 42 Many factors were reported to be responsible for such degradation, 1,2 including the degree of conversion 43, 44 and hydrophilicity 45, 46 of adhesive resins, as well as the host-derived MMPs and cysteine cathepsins. [11] [12] [13] [14] [15] [16] [17] [18] [19] Hybrid layer degradation can occur due to ageing of one or more of its components, namely, dentin organic matrix or resin polymers. Resin and collagen present in hybrid layers may suffer from hydrolysis, thus increasing the water content at the interface, which adversely affect the longevity of the bond. 1 Thus, there is a great relation between the degree of hydrophilicity of the adhesive, 45 its water sorption capacity, 47 and the subsequent degradation. Whatever the adhesive is, an etch-and-rinse or a self-etch one, presence of hydrophilic monomers leads to the formation of highly permeable hybrid layers, even after adhesive polymerization. This allows continuous passage of water from the underlying dentin with subsequent increased nanoleakage and degradation of bonded interfaces. This phenomenon is very clear when using simplified adhesives, as they have a high percentage of hydrophilic monomers. [45] [46] [47] Nanoleakage is a phenomenon referring to nanospaces that occurs within the hybrid layer, even in absence of interfacial gaps. Nanoleakage may result from improper adhesive resin penetration into the collagen network, incomplete solvent evaporation, unpolymerized monomers, or hydrolytic degradation of collagen and/or resin. An inverse correlation between bond strength and nanoleakage is expected since nanoleakage represents interfacial degradation which causes a decrease in the bond strength. 16, 34, 43 When crosslinking agents are applied on acidetched dentin, they inactivate MMPs that are hydrolases. 6, 19, 23, [26] [27] [28] [29] [30] They also hinder the unwinding action of collagen triple helix which enables collagenases to cleave all polypeptides present in the collagen molecule, thus, increasing the hydrolytic degradation resistance of collagen. 48 In the present study, when the acid-etched dentin was treated with chitosan solution (0.1 mol/L acetic acid) for 60s, prior to application of Adper Single Bond 2, no significant change has occurred in the 24 h microtensile bond strength and nanoleakage values. Accordingly, the first null hypothesis should be accepted which states that "chitosan treatment does not affect the immediate dentin bond strength and nanoleakage".
However, chitosan pre-treatment significantly improved the stability of the bonded interfaces over long-term storage periods (12 and 24 months). This was clear when compared to the control group, since it reduced the decrease in bond strength and significantly reduced the amount of nanoleakage in hybrid layers over time. Therefore, the results of this study require rejection of the second tested null hypothesis which states that "chitosan treatment does not affect the degradation of the resin-dentin interface over time".
Chitosan is a natural biopolymer that has the capacity to form microfibrillar and nanofibrillar network inside the protein matrix improving its mechanical properties. It is a biomimetic hydrophilic polymer that has free hydroxyl and amino groups that can form crosslinks with reactive molecules within the collagen fibrils resulting in marked increase in the stability of the collagen network. Also, chitosan is considered as a bioadhesive polymer due to its good muco-adhesive properties. 28, 30, 49, 50 Furthermore, Lobato et al in 2017 demonstrated the incorporation of chitosan in etch-and-rinse adhesive system to enhance antibacterial activity by means of ionic interactions between chitosan and the bacterial cells. 32 In the current study, chitosan is used to cross-link and stiffen demineralized dentinal collagen to resist hydrolytic degradation over time, thus improving structural stability of resin-dentin interface. The ability of chitosan to preserve bond integrity was inferred in previous literature reports. [28] [29] [30] [31] [32] 49, 50 On the other hand, Daood et al in 2013 stated that although chitosan has improved the structural stability of the demineralized dentin collagennetwork, exaggerated chitosan accumulation within collagen fibrils may hinder proper resin infiltration and results in defective hybrid layer formation. 28 Crosslinkers increase the stiffness of collagen fibrils and consequently interferes with the ability of collagenases to unwind the collagen peptides. [28] [29] [30] This effect was clear from the results of the current study that showed significant increase in stiffness when chitosan was used for 1 or 10 min. Application of chitosan for 1 min raised the stiffness of completely demineralized dentin from 5.3 MPa to 12.6 MPa , while when applied for 10 min, the stiffness reached 22.4 MPa (Fig.1 ).
Since the acid-etched demineralized dentin layers is about 10 µm thick, therefore the 0.5 mm (500 µm) thick sticks, named macro-hybrid layer specimens 51 used in the 3-point flexure test, were 50 times thicker than reality. Thus, it can be speculated that it is much easier and faster to crosslink the 10 µm demineralized dentin layers, that occur clinically, than crosslinking the 500 µm-thick beams that were used in the current study. Moreover, it is clear that 1 min of chitosan application on acid-etched dentin increased the stiffness of collagen fibrils much higher than their 5.3 MPa control values.
Decreased levels of hydroxyproline release in specimens treated by chitosan for 1 or 10 min when compared to control specimens demonstrate increased resistance of collagen to degradation by endogenous MMPs, these findings were in accordance with Zhou et al in 2016. 48 These results support microtensile bond strength, nanoleakage and stiffness results of the present study.
To summarize, the performance of etch and rinse adhesives may improve greatly if preceded by chitosan application on acid-etched dentin. Crosslinking of demineralized collagen results in stiffening and improved mechanical properties which contribute to substantial stability of the bonded interfaces. However, the exact strengthening mechanism still needs to be further investigated.
Crosslinking of dentinal collagen may allow going back to dry bonding. Previously, air-drying of demineralized dentinal surface caused collapse of exposed collagen fibers preventing proper resin penetration, thus, wet bonding was used instead since then. However, it is easier to remove water from etched-dentin before solvated adhesives are applied. Solvated adhesives reduce the vapor pressure of water, making it more difficult to evaporate from dentin. Strong air-drying after etching remove most of the free water thus reducing the possibility of phase separation that may take place when solvated adhesives are applied. Furthermore, removal of most of the water will reduce the possibility of presence of un-infiltrated exposed collagen within the hybrid layer that is highly susceptible to degradation. Dry bonding will also allow using more hydrophobic adhesives. 47, 48, 51 Zhou et al in 2016, demonstrated promising results when cross-linking of acid-etched dentin was performed together with dry bonding, where no collagen collapse occurred. 48 However, the merits of such combination should be further investigated before it can be implemented as a routine clinical procedure.
CONCLUSIONS
Chitosan treatment of acid-etched dentin, prior to adhesive application, was effective in improving durability of resin-dentin bonded interfaces. Future long-term in-vivo experiments on bond strength and nanoleakage should be performed to validate this finding.
